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英文缩写 英文全称 中文全称 
SMA Spinal Muscular Atrophy 脊髓性肌萎缩症 
DMD Duchenne Muscular Dystrophy 杜氏肌营养不良 
PCR Polymerase Chain Reaction 聚合酶连反应 
MLPA Multiplex Ligation-Dependent Probe Amplification 多重链接依赖性探针扩增 
qPCR Real-time Quantitative PCR Detecting System 实时荧光 PCR检测系统 
dPCR Digital Polymerase Chain Reaction 数字 PCR检测系统 
MLPA/qPCR 
Multiplex Ligation-Dependent Probe Amplification 
Based Real-Time PCR. 
多重探针链接再扩增/实时荧
光 PCR 
DHPLC Denaturing High Performance Liquid Chromatography 变性高效液相色谱分析 
 NGS Next Generation Sequencing 下一代测序技术 
Array-MLPA 




ACMG American College of Medical Genetics and Genomics 美国医学遗传学与基因组学
学会 
FISH Fluorescence in Situ Hybridization 荧光原位杂交技术 
CMA Chromosomal Microarray 染色体微阵列芯片技术 
array-CGH Array-comparative Genomichybridization 比较基因组杂交芯片 























脊髓性肌萎缩症（Spinal Muscular Atrophy, SMA）和杜氏肌营养不良






液相色谱分析（Denaturing High Performance Liquid Chromatography, DHPLC）技
术、多重链接依赖性探针扩增（Multiplex Ligation-dependent Probe Amplification, 
MLPA）技术、实时荧光 PCR（Real-time Quantitative Polymerase Chain Reaction, 
qPCR）技术、下一代测序（Next Generation Sequencing, NGS）技术等。虽然现
有的检测方法众多，但这些技术在检测成本、操作简便性、结果稳定性和特异性
等方面存在缺陷，且对这两种病都是独立地筛查，耗时、耗力、通量低。本研究
旨在建立一种新的可同时检测 SMN1 拷贝数和 DMD 突变热区拷贝数变异的




    为了研究 MLPA/qPCR 检测体系的性能，本研究通过考察多个反应因素对杂
交连接体系和 PCR 体系的影响，建立了较优的反应体系，完善了数据分析处理




















基因 6 个外显子拷贝数变异热区占外显子拷贝数总变异类型的比例为 39.4%。 
为了考察厦门地区 SMA 和 DMD 携带者比率，本研究对招募到的 2962 例拥
有医保卡的本地常住居民运用 MLPA/qPCR 体系进行检测，发现本地区 SMA 携
带者发病率为 1/46，与文献记载相符（1/42），DMD 携带者发病率为 1/2022，与
文献记载相近（1/2300）。充分说明了该技术在临床中同时筛查 SMA 和 DMD 人
群携带者的简便易行性。  
    本研究首次将实时荧光 PCR 技术和 MLPA 技术完美的整合在一起，提出了






















Spinal muscular atrophy (SMA) and Duchenne muscular dystrophy (DMD) are 
common genetic disorders which can cause severe and untreatable phenotypes. SMA 
is of high prevalence in the general population. In China, the carrier prevalence is as 
high as 1/42. Therefore, populational screening for SMA carrier is of clinical 
importance. DMD is the largest known human gene, spans a wide range of genomic 
DNA and thus it is susceptible to the high frequency of various mutations. Therefore, 
population-based carrier screening for these two diseases is an efficient way to reduce 
birth defects and improve the quality of population. To date, several techniques were 
developed for the clinical detection of these diseases, including denaturing high 
performance liquid chromatography (DHPLC), multiple ligation-dependent probes 
amplification (MLPA), real-time PCR (also known as Quantitative PCR), 
next-generation sequencing (NGS). However, some drawbacks of these techniques 
such as high cost, low throught, or low sensitivity, limit their clinical application in 
populational screening. Moreover, SMA and DMD were conventionally detected 
separately in these methods. Our study aimed to develop a new technique, called 
MLPA/qPCR, for the simultaneous screening of SMA and DMD, in order to meet the 
requirements of the clinical carriers screening and improve the efficiency of disease 
detection. The contents were mainly divided into four parts, including the exploration 
of MLPA/qPCR system principle, the establishment of MLPA/qPCR detection system, 
the evaluation of system performance and the screening of the populational carriers. 
To address the performance of the MLPA/qPCR detection system, the effects of 
multiple reaction factors on the hybridization system and PCR detection system were 
investigated. Finally, an optimal reaction system was established and the method of 
statistics analysis was improved. In order to evaluate the efficiency of the newly 
developed MLPA/qPCR detection system, 107 cases of SMA and 24 cases of DMD 















the MLPA/qPCR. The results showed very high diagnostic sensitivity （SMA:100.0％, 
DMD: 100.0％）, high diagnostic specificity （SMA:100.0％, DMD: 99.4%） and 
good repeatability(CV=8.7%). In addition, the mothers of 185 patients with unclear 
muscle weakness or atrophy were detected by the MLPA/qPCR and MLPA , 
respectively. The results showed high clinical sensitivity（SMA:100.0％，DMD: 
92.9％） and high clinical specificity（SMA:100.0％，DMD: 99.4%）. We also 
concluded that 6 hot mutations in DMD gene in the mainland of China are accounted 
for 39.4%. 
To investigate the incidence of SMA and DMD carriers in Xiamen, the 2962 
cases of clients with local medical card were recruited to screen by the MLPA/qPCR 
system. The results revealed that the incidence of SMA carriers in Xiamen area was 
1/46, which corresponded with the document (1/42). Similarily, the incidence of 
DMD carriers in Xiamen (1/2022) was close to the literature record (1/2300). These 
observations demonstrated the feasibility of this technique can be used for the 
simultaneous screening of SMA and DMD. 
In conclusion, our study firstly integrated the real-time fluorescence PCR 
technique and MLPA technique together into a new method, called MLPA/qPCR. This 
novel method can be used to simultaneous detection of SMA and DMD. In 
comparison with former methods, this technique is proven to be rapid, inexpensive, 
easy to set up, of high clinical sensitivity and specificity. Our study will not only 
reduce the birth of diseased children and improve the population quality, but also it 
could be a competitive tool for the clinical population-based screening of these 
common genetic diseases. 
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脊髓性萎缩症（Spinal muscular atrophy, SMA）是一种常见的常染色体隐性
遗传性疾病，临床表现为脊髓前角细胞变性进一步导致的肌无力和肌萎缩，常有
家族史[1]。发病率 1/6000 ～ 1/10000 ，携带者频率为 1/40 ～ 1/60[2]，而在中
国患者携带率更是高达 1/42[3]。 
SMA 相关基因定位于 5 号染色体长臂 1 区（5q11.2～13.3）[4, 5]，该区域结
构复杂，存在重复序列及众多假基因簇可导致结构不稳定、易缺失、转换。主要
包括：GTF2hE、NAIP、SMN、SERF 基因等[6]（如图 1-1），SMN 基因存在 2 个
同源性高度一致的拷贝 SMN1和 SMN2
[4]，呈镜像排列，两者之间仅存在 5 个碱基
的差异，其中有 2 个碱基位于第 7、8 号外显子[7]。由于 SMN 基因终止密码子位
于第 7 号外显子，第 8 号外显子不参与编码氨基酸，因此，在编码区内只存在 1
个碱基的差异，即第 7 号外显子上的 c.840C>T[8]。虽然为同义改变，但也影响基
因剪接的过程[9]。而且，据以往文献研究表明：SMN1基因是 SMA 的致病基因，
SMN2基因拷贝数与疾病的严重程度呈负相关的关系，且与 SMA I 型患者的生存
时间相关[10-13]（目前尚未见 SMN1 和 SMN2 基因同时纯合缺失的病例报道）；
NAIP
[14]、GTF2hE 基因的大片段缺失也与疾病发生和生存时间存在关系[15, 16]。
目前普遍认为的 SMN2 基因可部分补偿 SMN1 基因缺失，可能是因为 SMN1 表达
转录因子以全长 SMN mRNA 为主，产生的蛋白是具有完整的功能，而 SMN2表
达以截短的 SMN mRNA 及蛋白为主，也可表达 10%~15%的全长蛋白，而截短蛋
白在体内易降解，难以发挥作用。那么，在 SMN1 纯合缺失的情况下，SMN2 多
拷贝数可发挥部分的替代作用[17-19]。研究表明，约 95%的 SMA 患者表现为 SMN1
第 7 号外显子纯合缺失，另外 5%患者为 SMN1杂合缺失
[20, 21]。而目前更多学者
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